The whitefly *Bemisia tabaci* is an invasive pest of global importance. As a vector of several destructive plant viruses, this tiny hemipteran insect poses a worldwide threat to the productivity of many crops ([@r1]). Several traits have been implicated in its chronic invasiveness ([@r2][@r3][@r4]--[@r5]). One of the most intriguing traits is the insect's apparent ability to induce a plant response that is usually triggered by an attack by a biotrophic pathogen instead of triggering a typical response to insect attack. This leads to the activation of defenses that are effective against pathogens at the cost of defenses that are effective against insects, thereby rendering the plant more suitable and vulnerable to whitefly attack ([@r3], [@r6]). More specifically, upon continuous whitefly infestation, plants predominantly mobilize a defense that is mediated by salicylic acid (SA; refs. [@r6][@r7]--[@r8]). In some plants, whitefly attack initially also triggers jasmonic acid (JA)-regulated responses ([@r9][@r10]--[@r11]), but in tomato plants JA levels decline within days, whereas the accumulation of SA and the expression of SA-regulated genes gradually increase ([@r10], [@r11]). The reduction in JA-dependent defenses makes the plants more susceptible to insects, including whiteflies ([@r6], [@r11], [@r12]).

Plants also respond to insect feeding with the production and release of specific blends of volatiles. These herbivore-induced plant volatiles (HIPVs) can serve various functions ([@r13][@r14][@r15]--[@r16]), including a direct defense with toxic and repellent effects on the herbivore ([@r17][@r18]--[@r19]) and an indirect defense by attracting natural enemies of herbivores ([@r20][@r21]--[@r22]). More important in the context of this study, HIPVs also serve as signals that provide information on imminent insect attack to undamaged plant tissues ([@r23][@r24][@r25]--[@r26]), as well as neighboring plants ([@r27][@r28][@r29][@r30]--[@r31]). Upon perception of certain HIPVs, neighboring plants prepare for attack, a phenomenon called priming ([@r32][@r33][@r34][@r35]--[@r36]). When these primed neighbors are attacked themselves by the same herbivore, they will respond more rapidly and strongly with an appropriate defense reaction. It is, as yet, unclear how specific these priming responses are, but it is to be expected that HIPVs will prime for defenses against herbivores and that volatile blends that are triggered by pathogen attack will prime for defenses against pathogens ([@r35], [@r36]). Whitefly infestation results in a blend that is more representative of pathogen attack than of insect attack ([@r7], [@r8]). Here, we show that perception of this whitefly-induced blend by neighboring plants results in a response that renders the neighbors more suitable hosts for whitefly development. This result implies that by manipulating its host's volatile signals whiteflies may enhance the suitability of neighboring host plants for their offspring.

Results {#s1}
=======

Exposing Tomato Plants to Whitefly-Induced Plant Volatiles. {#s2}
-----------------------------------------------------------

In a number of systems, it has been shown that HIPVs can be perceived by neighboring plants and prime these plants to prepare themselves for incoming attack, rendering the neighbors more resistant to the inducing herbivore ([@r27][@r28][@r29][@r30]--[@r31]). Whitefly-infested plants emit volatile blends that are distinct from volatile blends emitted by plants infested by other arthropods ([@r37]), and the induction of these volatiles is mediated by the SA signaling pathway ([@r8]). To test if neighboring plants respond to these volatiles, we first conducted a series of experiments to determine if exposure to whitefly-induced volatiles affects a plant's suitability as a host for whiteflies. Using interconnected glass chambers, each holding two tomato plants, we exposed healthy tomato plants to the volatiles released by whitefly-infested plants ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)). The oviposition rates and performance of whiteflies on these exposed plants were compared with control plants that had been exposed to the volatiles of healthy plants.

The number of eggs laid by females that were placed on the plants did not significantly differ between plants exposed for 24 h to volatiles from uninfested plants or to volatiles from plants that had been infested by whiteflies for 1, 3, 5, or 7 d ([Fig. 1*A*](#fig01){ref-type="fig"}). However, the development rate of nymphs on these plants was considerably different between the treatments. The proportion of fourth-instar nymphs was significantly higher on plants that had been exposed to volatiles from plants that had been infested by whiteflies for 5 or 7 d, compared with plants that had been exposed to volatiles from uninfested plants ([Fig. 1*B*](#fig01){ref-type="fig"}). This was not the case after exposure to volatiles from infested plants for 1 or 3 d ([Fig. 1*B*](#fig01){ref-type="fig"}). These data imply that tomato plants become more susceptible to *B. tabaci* after exposure to volatiles from whitefly-infested plants. For subsequent experiments, we used tomato plants that had been infested with *B. tabaci* for 5 d as source of whitefly-induced volatiles.

![Performance of whiteflies on volatile-exposed tomato plants. (*A*) Number of eggs laid per female after adults had been introduced on plants for 6 d (*n* = 10). (*B*) Percentage of nymphs represented by each instar at 21 d after adults had been added to exposed plants (*n* = 10--12). Control represents plants that had been exposed for 24 h to the volatiles from undamaged plants; WF-1d, WF-3d, WF-5d, and WF-7d represent the plants that had been exposed for 24 h to the volatiles from plants that had been infested with *B. tabaci* for 1, 3, 5, or 7 d, respectively. Error bars correspond to SEs. Different letters above bars indicate significant differences between treatments (*P* \< 0.05; for *A*, Tukey's multiple comparison test; for *B*, likelihood ratio test). *B* presents data for all four nymphal instars, but because the data for the different instars are dependent, we only used the percentage of nymphs that had reached the fourth instar for statistical analyses. The higher the proportion of fourth-instar nymphs found on a plant, the more suited that plant is for whitefly development.](pnas.1818599116fig01){#fig01}

To evaluate the effects of volatiles emitted by *B. tabaci*-infested plants on the defense responses in neighboring plants, we measured the levels of endogenous JA and SA in plants that had been exposed to the volatiles for 24 h and were then subjected to feeding by *B. tabaci* adults. Exposed plants that were not infested with whiteflies showed no differences in JA levels when we compared plants exposed to volatiles from uninfested plants and those exposed to volatiles from whitefly-infested plants ([Fig. 2*A*](#fig02){ref-type="fig"}). However, upon infestation with whiteflies for 12 or 24 h, JA levels in plants that had been previously exposed to volatiles from uninfested plants were significantly increased relative to levels before infestation ([Fig. 2*A*](#fig02){ref-type="fig"}). In contrast, plants exposed to volatiles from whitefly-infested plants showed no increase in JA levels at 12 or 24 h after whitefly infestation ([Fig. 2*A*](#fig02){ref-type="fig"}). In these plants, JA levels were only about 50% of the levels in control plants after 24 h of whitefly infestation.

![Whitefly-induced volatiles prime SA-dependent defenses and suppress JA-dependent defenses in volatile-exposed tomato plants. (*A*) JA levels in unexposed and exposed plants either without or with subsequent infestation with whiteflies (*n* = 3). (*B*) SA levels in unexposed and exposed plants either without or with subsequent infestation with whiteflies (*n* = 3). (*C*) Expression of defense genes in unexposed and exposed plants either without or with subsequent infestation with whiteflies (*n* = 3). Error bars correspond to SEs. Within each graph with six bars, different letters indicate significant differences (*P* \< 0.05; Tukey's multiple comparison test). DW, dry weight.](pnas.1818599116fig02){#fig02}

SA levels showed the opposite pattern. Again, exposed plants that were not infested showed no difference in SA levels between plants exposed to volatiles from uninfested plants and those exposed to volatiles from whitefly-infested plants ([Fig. 2*B*](#fig02){ref-type="fig"}). Upon whitefly infestation, however, plants exposed to volatiles from uninfested plants showed no increase in SA levels at 12 or 24 h after infestation ([Fig. 2*B*](#fig02){ref-type="fig"}). In contrast, plants exposed to volatiles from whitefly-infested plants showed a significant increase in SA levels at 12 and 24 h after infestation ([Fig. 2*B*](#fig02){ref-type="fig"}).

We next quantified the transcript levels of five defense-related genes in the leaves of exposed plants; the transcript levels were again quantified before and after feeding by *B. tabaci* adults. Genes encoding for proteinase inhibitors I and II (*PI-I* and *PI-II*) are regulated by JA signaling and confer insect resistance in many solanaceous plants, including tomato ([@r38], [@r39]). The tomato gene *Mi-1.2* is responsible for resistance against whiteflies ([@r10], [@r40]). *PR-1a* and *PR-1b* are known as SA-triggered pathogenesis-related (PR) genes in tomato ([@r41]). Without further plant treatment, none of these genes showed an enhanced expression after exposure to plant volatiles, be it from control or whitefly-infested plants ([Fig. 2*C*](#fig02){ref-type="fig"}). This was considerably different for plants that were infested with whitefly adults after the exposure. In infested plants, *PI-I* showed significant transcriptional induction in plants previously exposed to volatiles from uninfested tomato plants, but not in plants that had been previously exposed to volatiles from whitefly-infested tomato ([Fig. 2*C*](#fig02){ref-type="fig"}). In whitefly-infested plants, *PI-II* and *Mi-1.2* showed similar patterns of suppression after exposure to volatiles from infested plants, but this was only evident after 12 h of infestation for *PI-II* and after 24 h of infestation for *Mi-1.2*. *PR-1a* and *PR-1b* showed stronger induction after exposure to volatiles from infested plants, but this was only evident after 24 h of infestation for *PR-1a* and after 12 and 24 h of infestation for *PR-1b* ([Fig. 2*C*](#fig02){ref-type="fig"}).

Taken together, these results imply that exposure to the volatiles from whitefly-infested plants causes an overall suppression of JA-dependent defense responses in tomato plants, which is only evident when the exposed plants are challenged by whiteflies. This priming effect renders the plants more suitable as hosts for whiteflies. To test if this phenomenon is specific for whitefly infestation, we next conducted a series of experiments to compare the volatile emissions of whitefly-infested tomato plants with volatiles released by plants under attack by caterpillars or a bacterial pathogen (see details in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)). In addition, we assessed their respective effects on neighboring plants to test our hypothesis that whitefly-induced volatiles are indicative of pathogen infection and therefore prime resistance to pathogens at the cost of defenses against insects.

Volatiles Emitted from Infested or Infected Plants. {#s3}
---------------------------------------------------

Volatiles were collected from healthy tomato plants and plants that had either been infested by whiteflies (150 adults for 1, 3, 5 or 7 d), infested by caterpillars of the moth *Spodoptera exigua* (five second-instar caterpillars for 24 or 48 h), or infected by the bacterium *Pseudomonas syringae* pv. *tomato* DC3000 (*Pst* DC3000) for 24 or 48 h. Gas chromatography-mass spectrometry (GC-MS) analysis detected a total of 17 major compounds that were consistently released, depending on the treatments ([Fig. 3](#fig03){ref-type="fig"}). Quantitative analysis showed that the amounts of the monoterpene (*E*)-β-ocimene and of an unknown sesquiterpene released from plants infested with *B. tabaci* for 1 and 3 d, respectively, were significantly lower than the amounts released from uninfested plants ([Fig. 3*A*](#fig03){ref-type="fig"} and [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)). Significant increases in the emission of the monoterpenes β-myrcene and ρ-cymene, and of the sesquiterpene β-caryophyllene, only started 5 d after initial infestation ([Fig. 3*A*](#fig03){ref-type="fig"}). Caterpillar feeding and bacterial infection resulted in considerably faster changes in the release of volatiles by the tomato plants and, surprisingly, all three attackers induced a qualitatively distinct blend. Caterpillar infestation significantly increased the release of (*E*)-β-ocimene and methyl isonicotinate, and it triggered the release of linalool, which was not detected in the volatiles released by undamaged plants ([Fig. 3*B*](#fig03){ref-type="fig"} and [*SI Appendix*, Table S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)). The bacterial infection had the most dramatic effect and resulted in increases in the release of virtually all of the detected volatiles ([Fig. 3*C*](#fig03){ref-type="fig"} and [*SI Appendix*, Table S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)). Moreover, the bacterium induced the release of several compounds that were not found in the other treatments, namely (*Z*)-3-hexenol, 1-hexanol, methyl salicylate, and α-cubebene. Although the bacteria-induced blend shows similarities with the volatile pattern induced by whitefly infestation, the blend did not show the hypothesized resemblance. To test if the caterpillar- and bacteria-induced blends would prime the appropriate defenses in neighboring plants, we conducted an additional series of exposure assays.

![Compounds identified in blends emitted by whitefly-infested, caterpillar-infested, or pathogen-infected tomato plants. (*A*) Volatile compounds induced by *B. tabaci* whiteflies (WF) (*n* = 6--7). (*B*) Volatile compounds induced by *S. exigua* caterpillars (*n* = 6). (*C*) Volatile compounds induced by *Pst* DC3000 bacterial infection (*n* = 5). Compound numbers represent: 1, (*Z*)-3-hexenol; 2, 1-hexanol; 3, α-pinene; 4, β-myrcene; 5, γ-terpinene; 6, α-terpinene; 7, ρ-cymene; 8, (*E*)-β-ocimene; 9, unknown sesquiterpene; 10, linalool; 11, methyl isonicotinate; 12, methyl salicylate; 13, α-cubebene; 14, β-cedrene; 15, β-caryophyllene; 16, 4-carene; 17, β-phellandrene. Error bars correspond to SEs. For individual volatiles, see [*SI Appendix*, Tables S2--S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental). Asterisks indicate significant differences from control plants (**\****P* \< 0.05; **\*\****P* \< 0.01; Tukey's multiple comparison test). WF-1, WF-3, WF-5, and WF-7 represent the plants that were infested with *B. tabaci* for 1, 3, 5, or 7 d, respectively.](pnas.1818599116fig03){#fig03}

Exposure Effects on Plant Resistance. {#s4}
-------------------------------------

Our hypothesis is that whiteflies manipulate future host plants by triggering their host plants to emit a blend of volatiles that signals the deceptive information to neighboring plants. Indeed, as shown above, the blend emitted by caterpillar-damaged plants was quite different. The question that remains is whether plants that perceive this "correct" blend of volatiles respond in a manner that enhances their resistance against herbivores, including whiteflies. We tested this and indeed found that the priming effects elicited by *S. exigua*-induced volatiles enhance a defense response that is effective against *S. exigua* caterpillars and whiteflies ([Fig. 4](#fig04){ref-type="fig"}). Plants were first exposed for 24 h to volatiles from caterpillar-infested plants or to volatiles from undamaged plants. Then the exposed plants were damaged with a razor blade and caterpillar regurgitant was applied to the damaged sites to mimic herbivore attack ([@r42]). In contrast to whitefly-induced volatiles ([Fig. 2*B*](#fig02){ref-type="fig"}), caterpillar-induced volatiles primed a stronger accumulation of JA levels in exposed plants, whereas SA levels remained largely unaffected in exposed plants that were damaged and treated with caterpillar regurgitant ([Fig. 4*A*](#fig04){ref-type="fig"}). This difference was also found for the expression of genes that are involved in plant defenses ([Fig. 4*B*](#fig04){ref-type="fig"}), with a much higher early expression of *PI-I* and *PI-II* in plants that had been exposed to the volatiles of caterpillar-damaged plants. Again, this was the opposite of what was observed for plants exposed to volatiles from whitefly-infested plants, which showed a suppression of all three genes ([Fig. 2*C*](#fig02){ref-type="fig"}). This priming of JA defenses was further reflected in the weight gain of second-instar *S. exigua* larvae reared on leaves of exposed plants. Weight gain was more than 40% lower on plants that had been exposed to volatiles from *S. exigua*-infested plants compared with larval weight gain on leaves of plants exposed to volatiles from uninfested plants ([Fig. 4*C*](#fig04){ref-type="fig"}). The priming response elicited by *S. exigua*-induced volatiles had no apparent effect on a plant's resistance to the pathogen. *Pst* DC3000 bacteria grew equally well on the two types of exposed leaves ([Fig. 4*D*](#fig04){ref-type="fig"}). Importantly, in contrast to exposure to volatiles from whitefly-induced plants ([Fig. 1*C*](#fig01){ref-type="fig"}), exposure to caterpillar-induced plant volatiles rendered the exposed plants significantly less suitable for whitefly development ([Fig. 4*E*](#fig04){ref-type="fig"}), further supporting our main hypothesis.

![Caterpillar-induced volatiles prime JA defenses in volatile-exposed tomato plants. (*A*) Endogenous JA and SA levels in exposed plants after oral secretion treatment (*n* = 3). (*B*) Expression of defense genes in exposed plants after oral secretion treatment (*n* = 3). (*C*) Weight gain of *S. exigua* (*n* = 31--47; **\*\*\****P* \< 0.001; one-way ANOVA). (*D*) Growth of *Pst* DC3000 bacteria (*n* = 3; ns, not significant; one-way ANOVA). (*E*) Nymphal performance of whitefly (*n* = 10). Error bars correspond to SEs. Different letters above bars indicate significant differences between treatments (*P* \< 0.05; for *A* and *B*, Tukey's multiple comparison test; for *E*, likelihood ratio test). DW, dry weight.](pnas.1818599116fig04){#fig04}

A similar series of experiments was conducted with tomato plants that were exposed to volatiles of *Pst* DC3000-infested plants for 24 h. Control plants were exposed to the volatiles of healthy plants. A subset of these exposed plants was then inoculated with the pathogen. The results further support our hypothesis, with the plants that were exposed to bacteria-induced volatiles showing greatly suppressed inducible JA levels, whereas the production of SA was found to be enhanced at the time of inoculation, but not affected at later time points ([Fig. 5*A*](#fig05){ref-type="fig"}).

![Pathogen-induced volatiles prime SA defenses in volatile-exposed tomato plants. (*A*) Endogenous JA and SA levels in exposed plants after *Pst* DC3000 infection (*n* = 3). (*B*) Expression of defense genes in exposed plants after *Pst* DC3000 infection (*n* = 3). (*C*) Bacterial growth of *Pst* DC3000 (*n* = 3). (*D*) Nymphal performance of whiteflies (*n* = 10). Error bars correspond to SEs. Different letters above bars indicate significant differences between treatments (*P* \< 0.05; *A*--*C*, Tukey's multiple comparison test; *D*, likelihood ratio test). DW, dry weight.](pnas.1818599116fig05){#fig05}

Gene expression patterns also showed similarities to exposure to whitefly-induced volatiles ([Fig. 2*C*](#fig02){ref-type="fig"}), with suppressed expression of the JA-related genes *PI-I* and *PI-II* in inoculated plants that had been previously exposed to pathogen-induced volatiles and an early increased expression of *PR-1a* and *PR-1b* before inoculation ([Fig. 5*B*](#fig05){ref-type="fig"}). That these responses resulted in enhanced resistance to the pathogen was reflected in bacterial titers, which were significantly lower 48 h after inoculation of plants that had been exposed to pathogen-induced volatiles ([Fig. 5*C*](#fig05){ref-type="fig"}). Most importantly, as with plants that had been exposed to whitefly-induced volatiles ([Fig. 1*C*](#fig01){ref-type="fig"}), exposure to pathogen-induced volatiles rendered the plants significantly more suitable for whitefly development ([Fig. 5*D*](#fig05){ref-type="fig"}).

Exposure to Synthetic Compounds. {#s5}
--------------------------------

We next conducted a number of exposure experiments with synthetic compounds that were characteristic for the blend induced by whiteflies. This allowed us to confirm that these volatiles differentially prime JA- and SA-dependent defenses. We first quantified JA and SA levels in tomato plants that were exposed to the volatiles β-myrcene, ρ-cymene, and β-caryophyllene, with α-pinene as a control volatile that was not enhanced by whitefly infestation. Plants were exposed to a realistic dose of one of these compounds for 24 h and then, either were left unharmed or they were infested with whitefly adults for 24 h. Upon infestation, plants exposed to only the solvent (control), α-pinene, or ρ-cymene showed a significant increase in JA levels ([Fig. 6*A*](#fig06){ref-type="fig"}), whereas plants exposed to β-myrcene or β-caryophyllene showed a significant decrease in JA levels ([Fig. 6*A*](#fig06){ref-type="fig"}). Upon whitefly infestation, control plants exposed to α-pinene and ρ-cymene still showed no increase in SA level ([Fig. 6*A*](#fig06){ref-type="fig"}), but plants exposed to β-myrcene and β-caryophyllene showed a significant increase in SA levels in response to whitefly infestation ([Fig. 6*A*](#fig06){ref-type="fig"}).

![Exposure to whitefly-induced volatile compounds suppresses JA-dependent defenses and accelerates whitefly performance. (*A*) Endogenous JA and SA levels in uninfested and whitefly-infested plants that had been preexposed for 24 h to the solvent dichloromethane (control) or synthetic volatile compounds (*n* = 3; **\****P* \< 0.05; **\*\****P* \< 0.01; one-way ANOVA). (*B*) Expression of defense genes in plants that had been preexposed for 24 h to only the solvent dichloromethane (control) or synthetic volatile compounds (treatment; *n* = 3). (*C*) Nymphal performance of whiteflies (*n* = 10). Error bars correspond to SEs. Different letters above bars indicate significant differences between treatments (*P* \< 0.05; for *B*, Tukey's multiple comparison; for *C*, likelihood ratio test). DW, dry weight.](pnas.1818599116fig06){#fig06}

After 24 h of exposure and without subsequent *B. tabaci* infestation, exposure to α-pinene, β-myrcene, β-caryophyllene, or ρ-cymene did not affect the expression of four defense genes ([Fig. 6*B*](#fig06){ref-type="fig"}). Upon subsequent *B. tabaci* infestation, exposure to α-pinene or ρ-cymene did not affect the expression of four defense genes ([Fig. 6*B*](#fig06){ref-type="fig"}). In contrast, exposure to β-myrcene suppressed the expression of *PI-I* and *PI-II*, and exposure to β-caryophyllene suppressed the expression of all four genes in infested leaves ([Fig. 6*B*](#fig06){ref-type="fig"}). These responses are indicative of suppressed JA-dependent defenses.

We also assessed the performance of whitefly nymphs on plants exposed to the synthetic volatiles, using the same performance criteria as for the previous bioassays. The percentages of nymphs that had reached the fourth instar were significantly higher on plants exposed to β-myrcene and β-caryophyllene than on control plants ([Fig. 6*C*](#fig06){ref-type="fig"}). In contrast, the percentage of fourth-instar nymphs on plants exposed to α-pinene or ρ-cymene was not different from that on control plants ([Fig. 6*C*](#fig06){ref-type="fig"}). Overall, these results match the expected induction patterns and whitefly performance, based on the results from the exposures to natural volatiles. However, it should be noted that bacterial infection induced the emission of α-pinene ([Fig. 3](#fig03){ref-type="fig"}), which was not the case for whitefly infestation, nor for caterpillar infestation.

In complementary experiments, we used several volatiles that were more typical for the volatile blends induced by the other two attackers and studied their effects on defense gene expression. As representative of caterpillar infestation, we used linalool and methyl isonicotinate, whereas we used 1-hexanol, (*Z*)-3-hexenol, and methyl salicylate as representative for plants with bacterial infection ([Fig. 3](#fig03){ref-type="fig"}). Plants that had been exposed for 24 h to linalool or methyl isonicotinate and were subsequently damaged and treated with caterpillar regurgitant showed greatly increased expression of the genes *PI-I* and *PI-II*, and to some extent *PR-1a*, compared with plants exposed to the solvent only ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)). Exposure for 24 h to 1-hexanol, (*Z*)-3-hexenol, and methyl salicylate and subsequent bacterial infection for 24 h resulted in greatly enhanced expression of *PR-1b* and *PI-I*, compared with plants exposed to the solvent ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)). The expression of *PR-1a* was only enhanced in plants that were exposed to (*Z*)-3-hexenol or methyl salicylate. These results do not entirely match the induction patterns observed for the natural blends and, therefore, imply that the studied volatiles are not all responsible for the observed response differences.

Discussion {#s6}
==========

Despite their immobility, plants are capable of resisting most of their numerous attackers. They mainly rely on a diverse arsenal of defense mechanisms that have antiherbivore and/or antimicrobial properties. However, many specialized herbivores and pathogens are able to overcome and sometimes manipulate these defenses and can thrive on their specific host plants. Here, we show that volatile emissions are also vulnerable to manipulation. The generalist whitefly *B. tabaci* induced plants into producing a volatile blend that evokes neighboring plants to down-regulate JA-dependent defenses, and this coincides with the enhanced performance of *B. tabaci* nymphs. We also observed these plants to display a stronger SA response, which is assumed to cause a down-regulation of JA responses ([@r6], [@r8]), but this is not always evident ([@r43]) and remains to be determined for tomato. We conducted a supplementary experiment that excludes the possibility that odor emitted from whiteflies themselves is involved in the suppression of JA-dependent defenses and the induction of SA-dependent defenses ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)). Taken together, these findings imply that the whitefly-induced volatiles affect neighboring tomato plants in a way that makes them more suitable as a host for the next generation of whiteflies.

Interestingly, the volatile blends induced by the three attackers were all distinctly different, but the three volatiles that were significantly induced by whitefly infestation were also present in the pathogen-induced blend while they were not induced by the caterpillars ([Fig. 3](#fig03){ref-type="fig"}). We found these compounds also in the blends released by two other tomato varieties in response to whitefly infestation ([*SI Appendix*, Fig. S4 and Table S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)). Exposure to these compounds (β-myrcene or β-caryophyllene) indeed enhanced SA-dependent responses and suppressed JA-dependent responses upon insect attack ([Fig. 6](#fig06){ref-type="fig"}). It should be noted that these compounds are constitutively emitted by tomato plants and that the release of β-caryophyllene in particular is highly variable among tomato lines ([@r18], [@r44]). Our study confirms this with the variety Moneymaker having low constitutive emissions (1.9 ng·h^−1^·g^−1^) and the two other studied varieties having higher constitutive emission of β-caryophyllene (Zhefen 302: 18.6 ng·h^−1^·g^−1^; Zheza 809: 19.8 ng·h^−1^·g^−1^). Despite this variability, it seems to be a reliable "priming" signal, as each of the three varieties significantly increased its release of β-caryophyllene in response to whitefly infestation ([Fig. 3](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S4*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)), whereas caterpillar attack had no effect on β-caryophyllene emission ([Fig. 3*B*](#fig03){ref-type="fig"}). It appears that β-caryophyllene itself does not serve as a defense against whiteflies ([@r45]) but does provide protection against a bacterial pathogen ([@r46]). It will be worth testing if β-caryophyllene--mediated priming provides protection against the viruses transmitted by whiteflies.

Similar to β-caryophyllene, β-myrcene is known to be controlled by the JA pathway in other plant species. For instance, in *Arabidopsis thaliana*, it is a product of *At*-TPS 10 and is up-regulated upon treatment with Me-JA, but also SA or whitefly infestation ([@r8], [@r47]). In tomato, however, LeMTS2, which was identified as a β-myrcene synthase, is not affected by JA treatment ([@r48]). This is consistent with our results, implying that it is controlled by SA and serves as a priming signal in tomato that is characteristic for pathogen infection. Exposure to other volatiles that were typical for pathogen induction also enhanced SA-dependent defenses ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)), whereas caterpillar feeding induced the release of volatiles that primed the JA pathway ([Fig. 4](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)).

These findings have major implications for our understanding of plant--insect and plant--pathogen interactions. They demonstrate high specificity in the information carried by the inducible volatile blends and indicate that plants use this information to launch a specific response to their attackers. Apparently, *B. tabaci* is able to interfere with this information transfer, which could be an important reason why this and other whitefly species have been so successful as invasive pests. The plant response may, however, be adaptive if priming of the SA pathway enhances its resistance to the harmful viruses that are commonly transmitted by whiteflies ([@r4], [@r5]). This remains to be determined. It can also not be fully excluded that microorganisms, e.g., bacteria, are involved in the induction of the typical SA up-regulation in response to whitefly infestation. However, each of these possible induction scenarios clearly favors the performance and propagation of the whitefly and may have facilitated its invasiveness and rapid spread. Finally, it would be interesting to study if the original host plants of *B. tabaci*, which so far remain unknown ([@r49]), have coevolved adaptations and show different, perhaps more fitting responses to whitefly attacks.

The observed specificity in odor-mediated defense responses also has important applied implications, as a thorough understanding of the mechanisms and signals that are involved in these plant--plant interactions may lead to strategies that exploit the odorous alert signals to enhance crop resistance ([@r50]). For instance, selecting crop varieties that have a more appropriate response to whitefly-induced volatiles may greatly reduce their susceptibility to whiteflies. Alternatively, breeding or otherwise creating varieties that, in responses to whitefly attack, give off volatiles that trigger JA-dependent defenses in nearby leaves may show enhanced resistance against whiteflies.

This study also shows that different pests trigger the release of distinct volatile "odor-prints." This high specificity provides information that is of use to the plant and associated organisms, but this specificity could also be exploited for crop monitoring if we can develop odor sensors that can capture this specificity ([@r16]). Considering the very rapid changes in volatile blends, such sensory systems may alert farmers to the presence of a pest or disease long before any damage is visible and control measures would still be effective. Similar to whiteflies, we may be able to exploit the sophisticated odorous language of plants to optimize the quality of crop plants for consumption by future generations.

Materials and Methods {#s7}
=====================

Plants and Insects. {#s8}
-------------------

Tomato plants (*Solanum lycopersicum*; cv. Moneymaker) were grown in 500-mL pots containing a commercial potting mix (Fafard Growing Mix 1) and were kept in a climate-controlled room \[25 ± 2 °C, 60--70% relative humidity (RH), 10-h light:14-h dark photoperiod\]. Six-week-old plants with four to five fully expanded leaves were used for experiments. A colony of virus-free ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)) *B. tabaci* (Gennadius) MEAM1 (Hemiptera: Aleyrodidae) was maintained on tomato plants in a separate climate-controlled room (25 ± 2 °C, 50--60% RH, 10-h light:14-h dark photoperiod).

Exposing Plants to Volatiles Emitted from Whitefly-Infested, Caterpillar-Infested, and Bacteria-Infected Plants. {#s9}
----------------------------------------------------------------------------------------------------------------

Tomato plants were infested with *B. tabaci* by placing 150 adult whiteflies on each plant in a ventilated cage (20 × 20 × 40 cm). For the first exposure experiment, the adults were allowed to feed on the plant for 1, 3, 5, or 7 d. Control plants were placed in cages and left uninfested for the same time periods. Subsequent experiments were conducted with plants that were infested with whiteflies for 5 d.

A setup of interconnected glass chambers was used to expose healthy tomato plants to volatiles emitted from whitefly-infested plants. Two emitter plants and two receiver plants were placed in "upwind" and "downwind" glass chambers (23 cm diameter, 40 cm high), respectively. The upwind chamber was connected with a Teflon tube (diameter 7 mm) to the downwind chamber. A small cotton swab, which had no effect on the airflow of the setup, was placed in the Teflon tube connecting the two chambers to prevent the whiteflies from moving from the upwind to the downwind chamber. Charcoal-purified air was pumped into the system at 300 mL·min^−1^, passing the airflow from the upwind chamber with the two infested plants into the downwind chamber with the two undamaged tomato plants (receiver plants), for 24 h under the growth conditions described above. For control plants, two undamaged plants were used as emitter plants in the upwind chamber.

Similar procedures were followed to expose plants to volatiles from caterpillar-infested and bacteria-infected plants. Briefly, two plants that had been infested with *S. exigua* (five second-instar larvae per plant) for 24 h or two plants that had been inoculated with *P. syringae* pv. *tomato* DC3000 (*Pst* DC3000; OD~600~ = 0.1) for 48 h were used as emitter plants. Two undamaged tomato plants were exposed to volatiles from *S. exigua*-infested or *Pst* DC3000-infected plants for 24 h. During the exposure, *S. exigua* larvae were kept on the leaves. In all cases, control plants were exposed to the volatiles from two undamaged plants.

Whitefly, Caterpillar, and Pathogen Treatments. {#s10}
-----------------------------------------------

After 24-h exposure to volatiles emitted from plants preinfested with *B. tabaci*, exposed plants were kept uninfested, or were infested with *B. tabaci* (150 adult whiteflies per plant) for 12 or 24 h. Control plants exposed to volatiles emitted from undamaged plants were subject to the same treatments without or with *B. tabaci* infestation.

Plants exposed for 24 h to volatiles from *S. exigua*-infested plants were either left undamaged or they were scratched with a razor blade and caterpillar regurgitant was applied to the damaged sites (6 μL per plant), and measurements were taken 6, 12, and 24 h after treatment. Control plants exposed for 24 h to volatiles from undamaged plants were subject to the same treatments without or with damage and caterpillar regurgitant.

Plants exposed for 24 h to volatiles from *Pst* DC3000-infected plants were either left unharmed or were spray-inoculated with the *Pst* DC3000 (OD~600~ = 0.1; see [*SI Appendix*, *SI Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental) for details) for 24 and 48 h. Control plants exposed for 24 h to volatiles from undamaged plants were subject to the same treatments without or with *Pst* DC3000 infection.

For each treatment, leaf tissues collected from two plants were pooled as one sample. Leaf samples were directly frozen in liquid nitrogen and stored at −80 °C for subsequent gene-expression and phytohormone analysis. Each experiment was repeated with three biological replicates.

Insect Preference and Performance Experiments. {#s11}
----------------------------------------------

To determine the effect of the volatiles from *B. tabaci*-infested tomato plants on insect resistance in neighboring plants, we assessed the oviposition rates of adults, as well as developmental rates of nymphs on plants exposed for 24 h to volatiles from either *B. tabaci*-infested or uninfested plants. For the oviposition experiment, 10 *B. tabaci* adults (five males and five females; 48 h after emergence) were introduced at 0900 into a clip cage that was secured to the abaxial surface of a plant leaf. Fecundity of female adults was recorded 6 d after insect release by counting the number of eggs laid on the leaves under a microscope.

In a separate experiment, 100 *B. tabaci* adults (a mixture of females and males; 48 h after emergence) were released and allowed to feed on plants exposed for 24 h to volatiles from either *B. tabaci*-infested or uninfested plants. After 48 h of feeding, adults were removed from the plants by aspiration. The exposed plants that now carried nymphs (produced by the added adults) were exposed again to the volatiles from *B. tabaci*-infested or undamaged plants for 24 h at day 7 and day 14, after the adults had been added. At 21 d since addition of adults, the number of nymphs and their developmental stages (first through fourth instars) were recorded. Developmental rates on the two treatments were compared by calculating the proportion of fourth-instar nymphs (red-eye stage) on each plant (number of fourth instars/total number of nymphs). Each treatment was represented by 10 replicate plants.

Quantification of Endogenous JA and SA. {#s12}
---------------------------------------

Endogenous JA and SA were extracted and quantified as described by Engelberth et al. ([@r51]) with modification. In brief, plant material (250--300 mg) was frozen and ground in liquid nitrogen. For quantification purposes, \[9, 10\]-dihydro-JA (15 ng; Sigma-Aldrich) and D6-SA (20 ng) were added as internal standards with 2 mL of 80% methanol. JA, SA, and the internal standards were partitioned to an aqueous phase by centrifugation and vaporization. Subsequently, they were extracted from the aqueous phase with an equal volume of ethyl acetate and then dried. The dried extract was resuspended in 0.1 M acetic acid and loaded onto a C18 column (Waters Company). The C18 column was sequentially eluted with a series of solvent mixtures \[acetic acid/methanol (vol/vol) at 83/17, 60/40, and 40/60\]. The effluents of the last 4 mL in 40% methanol and the first 3 mL in 60% methanol were collected ([@r52]). After evaporation of the solvent and esterification of the residue using excess ethereal diazomethane. Samples were analyzed using a gas chromatograph coupled to a mass selective detector (6890N/5973 MSD; Agilent Technologies, Inc.), which was operated in electron impact ionization mode. Chemicals were separated on an HP-5-MS column (30 m × 0.25 mm × 0.25 mm; 19091S-433; J&W Scientific, Agilent Technologies). Esterification products of endogenous JA, SA, and their internal standards were analyzed in selected-ion monitoring. The product and precursor ions are *m*/*z* 120 and 152 for MeSA, and 123 and 156 for (D4-MeSA) respectively; ions *m*/*z* 151 and 224 for MeJA, and *m*/*z* 153 and 226 for dh-MeJA. SA and JA were quantified by correlating the peak area (extracted ion) of the compound with the peak area of the respective internal standard. Measurement of D~4~-MeSA instead of D~6~-MeSA was due to loss of two deuterium ions during sample preparation ([@r51]). All solvents used during extraction procedures were analytical grade (Sigma-Aldrich).

RNA Extraction and cDNA Synthesis. {#s13}
----------------------------------

To minimize wounding- and dehydration-induced gene expression, all leaf samples from different treatments were directly frozen in liquid nitrogen and stored at −80 °C for further RNA extraction. Leaf tissues from two plants were pooled as one sample. Samples were ground to a fine powder in liquid nitrogen with a pestle and mortar. Total RNA was extracted from 100 mg of each leaf sample using a plant RNA isolation kit (Axygen), in accordance with the manufacturer's instructions. RNA concentration and purity were determined using a NanoDropTM Spectrophotometer ND-2000 (Thermo Scientific), and the integrity of RNA was assessed by 1% agarose gel electrophoresis and ethidium bromide staining. First-stand cDNA was synthesized from 200 ng of RNA using a First-Strand cDNA Synthesis Kit (TaKaRa) in accordance with the manufacturer's instructions.

Quantitative Real-Time PCR. {#s14}
---------------------------

The transcript levels of defense-related genes *PI-I*, *PI-II*, *Mi-1.2*, *PR-1a*, and *PR-1b* in samples were quantified by real-time quantitative RT-PCR (qRT-PCR). The qRT-PCR was carried out on an ABI 7500 Real Time PCR System with a 96-well rotor. The amplification reactions were performed in a final volume of 20 μL that contained 10 μL of iQ SYBR supermix (Bio-Rad), 0.8 μL of forward primer (5 µM) and reverse primer (5 µM) pairs ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental)), and 2 μL of cDNA first-strand template. Thermal cycling conditions were 5 min at 95 °C, followed by 40 cycles of 15 s at 95 °C, 15 s at 55--62 °C, and 30 s at 72 °C. Subsequently, a melting curve was recorded between 60 °C and 95 °C with the hold every 5 s. Primers used for qRT-PCR are listed in [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818599116/-/DCSupplemental). All reactions were run in duplicate technical replicates, and average values were used in the analysis. Normalized gene expression was calculated using the 2^−∆Ct^ method with *GAPDH* as an endogenous control gene, and values were subsequently log~2~ transformed for data analysis.

Volatile Collections and Analysis. {#s15}
----------------------------------

We collected and analyzed the volatile blends of plants infested with *B. tabaci* or *S. exigua*, and those infected with *Pst* DC3000. For the whitefly treatments, plants were infested with *B. tabaci* (150 adults per plant) for 1, 3, 5, and 7 d, and control plants were left uninfested. For the caterpillar treatment, plants were infested with *S. exigua* (five second-instar larvae per plant) for 24 and 48 h, and control plants were left uninfested. For the pathogen treatment, plants were spray-inoculated with the *Pst* DC3000 (OD~600~ = 0.1) and left for 24 and 48 h, and control plants were sprayed with MgCl~2~ solution (10 mM). Six-week-old plants with four to five fully expanded leaves were used for volatile collections.

Headspace volatile samples were collected as described in detail by Zhang et al. ([@r53]). In brief, two plants of the same treatment were placed together in a 5-L glass jar. Purified air (filtered through silica, a molecular sieve, and activated charcoal) was pulled through the jar at 100 mL·min^−1^ with a vacuum pump, and volatiles were trapped in a glass tube (10 cm long, 5 mm diameter) that contained 50 mg of 80/100 mesh Porapak-Q (Altech Assoc.). The air-inlet, air-outlet, filter and sampling glass jar were connected with Teflon tubing. After 3 h of trapping under continuous light (4,750 ± 86 Lx), the trap was rinsed with 200 μL of dichloromethane, and 300 ng of nonyl acetate (Sigma) was added as internal standard. For each treatment, volatile collection was repeated five to seven times, and collections were made for each treatment in parallel on each experimental day (replication).

Samples were analyzed with a Shimadzu GC-2010 plus GC-MS (Shimadzu) equipped with an Rxi-5MS (30 m--0.32 mm i.d., 0.25-µm film thickness) column. Column effluent was ionized by electron impact ionization (70 eV). Mass scanning was done from 33 to 300 *m*/*z*. The temperature programs of the GC were as follows: 40 °C (3-min hold), 6 °C·min^−1^ to 220 °C (5-min hold). Compounds were identified by comparing the mass spectra with those of authentic standards or with NIST 08 spectra. Quantification of identified compounds was based on comparison of their peak areas with the internal standard.

Exposing Plants to Synthetic Volatile Compounds. {#s16}
------------------------------------------------

Plants were also exposed to individual volatile compounds that dominate the blends emitted by *B. tabaci*-infested plants. For this, β-caryophyllene (purity ≥ 80%; Sigma-Aldrich), β-myrcene (purity ≥ 95%; Sigma-Aldrich), ρ-cymene (purity ≥ 99.5%; Sigma-Aldrich), and α-pinene (purity ≥ 98%; Sigma-Aldrich) were dissolved in dichloromethane at 2 μg/μL, generating four test volatile solutions. To obtain precise release rates, we used dispensers as described by von Mérey et al. ([@r54]). Each dispenser consisted of a glass vial with 100 mg of glass wool. A 100-μL volume of a particular solution was pipetted onto the glass wool and then the vials were sealed with a screwcap that had a pierceable septum. Next, a glass capillary (Drummond, Sigma-Aldrich) was inserted through the septum. Depending on the length and internal diameter of the capillary, different release rates from the capillary opening can be obtained. After evaluating different versions, we chose to use dispensers with a 5-µL capillary that was shortened to 4 cm. With these we obtained release rates of β-caryophyllene, β-myrcene, ρ-cymene, and α-pinene of, respectively, 137.7 ± 43.5, 122.9 ± 30.8, 78.0 ± 24.1, 314.3 ± 53.6 ng/h (mean ± SE, *n* = 4), which were 1.2, 1.3, 1.7, and 0.8 times the release rates of these compounds from two odor-source plants (approximately 10.5 g). To start an experiment, two intact plants and a volatile dispenser loaded with a given compound were placed in the glass vessel (23 cm diameter, 40 cm high) for 24 h, during which charcoal-purified air was pumped into the system at 300 mL·min^−1^ and passed over the two undamaged tomato plants. Control plants were placed in vessels with dispensers that only contained 100 μL of pure dichloromethane.

Statistical Analysis. {#s17}
---------------------

The number of eggs laid by females, and differences in volatile emissions, gene expression, and phytohormone levels were analyzed by one-way ANOVA. If treatments were significant (*P* \< 0.05), Tukey's multiple-comparison tests were used to analyze significant differences between pairs. Performance of *S. exigua* and *Pst* DC3000 on different plants were analyzed with one-way ANOVA. The percentages of fourth instars of *B. tabaci* on different plants were analyzed using the generalized linear model with binomial distribution and link function logit. Results are presented as the likelihood ratio statistics of the χ^2^ distribution ([@r55]).
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